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Introduction
The Ishihara pseudoisochromatic plates and other similar color screening tests make use of static luminance and chromatic contrast masking to isolate the use of color signals and to reveal loss of red-green (RG) chromatic sensitivity. The Ishihara Test (IT) is the most extensively used color vision test and has been shown to be very sensitive for RG color deficiency (5, 11, 20) , but this is achieved at the expense of specificity. The IT was first published in 1917 and since then it has been reprinted in many different editions. Currently three versions are available: the full version containing 38 plates, the abbreviated version with 24 plates and the concise version containing 14 plates. The full version has been recommended for routine clinical use (7) , albeit the abbreviated and concise versions being subsets of the full version. In the full version, the first 25 plates contain numerals (single or double digit numbers) which have to be named verbally, whereas the remaining plates have pathway designs intended for examination of nonverbal subjects and are rarely used. The IT employs a range of designs that can be divided into five categories (17):
1. Introductory or demonstration: plate 1 -read by all subjects including congenital color deficients.
2. Transformation or confusion: plates 2-9 -normal trichromats and subjects with color vision deficiency read different numbers. as an example of a non-typical error, has been described previously and such confusions are more likely to occur when weak color signals are involved (7, 9, 12) . Birch and McKeever have described non-typical errors made by normals as ''misreadings" -as a partial filling up of serif design of the digits of the IT, for example a '5' may be interpreted as a '6', or '3' as '8' (7) . Although such factors may well contribute to a 'misreading', these factors apply equally well to subjects with congenital color deficiency in the context of a numeral defined by weaker and often different chromatic signals. In general, the weaker the perceived chromatic signal in the test plate, the higher the probability of confusions or misreadings.
The IT is used widely and has very high sensitivity for detecting subjects with mild congenital deficiency when no errors are allowed, but the outcome is not specific since a large percentage of subjects with normal color vision can also make some errors when reading the IT plates (9, 12, 15) . Due to the simplicity, availability and low cost, the IT is relatively easy to learn, making use of cues other than color, i.e., learning how to use plate-specific pattern features located at easily identifiable positions along vertical and horizontal lines that pass through the centre of each plate. Tracing the wavy lines on the last 12 plates is more difficult to learn using pattern features, but these plates are rarely used in certification. The use of other cues to improve one's IT score may also be possible given the extremely high motivation some applicants have to pass the test, i.e., rehearsing the correct response through the use of achromatic cues in advance of the test, depending on the pattern of particular plates perceived by the observer. There may also be significant differences amongst subjects with deutan-and protan-like deficiency in the way they perform on the IT plates, particularly when only mild loss of chromatic sensitivity is involved. Since dichromats and subjects with severe loss of RG chromatic sensitivity tend to fail most of the IT plates, it has often become the practice in many occupational environments to use the number of plates failed as a direct measure of the severity of color vision loss. This practice rests on at least two implicit assumptions:
1. The IT plates follow some linear trend when ranked in order of difficulty 2. This order remains unchanged for subjects with deutan and protan deficiency, i.e., the same number of errors reflects similar loss of chromatic sensitivity in subjects with either deutan or protan deficiency
The need to assess accurately the severity of color vision loss has recently become more important simply because many color deficient subjects have been shown to have sufficient, residual RG chromatic sensitivity to perform visually demanding, color-related tasks with the same accuracy as normal trichromats (8) . The easy solution to this problem is to allow a small number of errors on the IT plates when screening for 'functionally safe' color vision, depending on the color-related visual demands within a given occupation. Current practices in a number of selected environments are summarized in Table I together with the corresponding percentages of subjects that pass the requirements within each subject group. In commercial aviation, the Joint Aviation Requirements (JAR) approve the use of the IT as the primary screening test. A pass requires the applicant to read correctly the numbers on each of the first 15 plates. If the applicant fails this test a secondary test is carried out, usually an anomaloscope match or a lantern test (14) . Secondary testing is an inevitable requirement when using the strict pass/fail criterion on the IT plates and ensures that applicants with normal color vision are likely to pass. The Federal Aviation Administration (FAA) accepts a number of primary tests (no secondary tests), which include the Ishihara test amongst others (10) . The FAA guidelines for the use of the IT plates state that the applicant should be certified as safe with k or less errors (Table I ). This number varies from five or less errors on plates 1-11 on the concise 14-plate edition, six or less errors on plates 1-15 on the abbreviated 24-plate edition and eight or less errors on plates 1-21 on the full 38-plate edition (10) . Table I reveals that within the FAA the percentage of applicants that pass depends on the edition of the IT used. According to the FAA criteria, the concise 14-plate edition passes the largest percentage of colour deficient subjects. Overall, more applicants with congenital colour deficiency will pass the FAA when compared to the JAR accepted test protocol. In other occupations, such as the Fire Service in the UK, a pass requires two or less errors on the first 17 plates of the IT 24-plate edition and London Underground Ltd. (UK), before the introduction of CAD based pass / fail limits in 2008, allowed up to three 'errors on specified plates' (esp), i.e., plates 1-17 of the 38-plate edition, which have been defined as "misreadings" (6) . In the absence of comparative studies it is difficult to establish the extent to which the number of plates failed on the IT can be taken as a measure of the severity of RG color vision loss.
[ Table I approximately here]
The purpose of this study is to examine the extent to which the number of IT plates failed provides a linear measure of the severity of color vision loss and whether the same measure can be applied to both classes of congenital RG color deficiency. We examine specifically whether the various IT plates can be weighted separately to reflect the probability of a correct response for normal trichromats and for subjects with deutan or protan color deficiency. In order to achieve this aim, we also carried out some analysis of threshold measures of RG and YB chromatic sensitivity to establish how these thresholds relate to the corresponding cone contrasts generated and hence the severity of color vision loss. The cone contrast, for each of the three cone classes, is defined as the difference in cone signal between the test and the background expressed as a fraction of the background signal, i.e.
where S test and S bkg represent the signals generated by the test stimulus and the adjacent background, respectively (see Fig. 1 ). 
Methods

Subjects
Assessment of chromatic sensitivity
The first 25 plates of the Ishihara pseudoisochromatic plates (Kanehara & Co. Ltd, Tokyo, Japan, 38-plate edition, 1989) were used with each of the 742 subjects. The Macbeth Easel desk lamp (designed for use with plate tests) was employed, on average the subjects took less than 5 s per plate, the viewing distance was approximately 60 cm, and each error made was recorded. As expected, all subjects read correctly the number on the introductory plate (plate 1). In addition, every subject had his / her color vision assessed using the CAD test. This employs a calibrated visual display and consists of colored stimuli of specified luminance and chromaticity (see show that RG and YB thresholds relate almost linearly to the corresponding cone contrasts generated and this suggests that the magnitude of the measured thresholds may provide a good indicator of the severity of color vision loss. There are a number of other interesting observations that emerge from the cone contrasts shown in Fig. 3 . The YB directions show greater nonlinearity than the RG directions. For thresholds less than about some five SN CAD units, the departure from linearity for both increments and decrements in S-cone contrast is small, but increments in S-cone contrast increase more rapidly than decrements at larger CD values. This observation suggests that under mesopic light adaptation when YB chromatic sensitivity is poor and large CDs are needed, thresholds in the blue direction should be smaller than the corresponding thresholds towards the yellow region of the spectrum locus and this has been confirmed experimentally (22) .
[ 
Computation of Severity Index (SI) for the Ishihara Test
It is of interest to establish whether the introduction of a new index that takes into account the plate-specific probability of a correct response provides an improved measure of the severity of color vision loss. We used the Ishihara error scores to establish appropriate 'weights' for each of the 25 plates, separately, for each subject group. A severity index was then computed for each subject by summing up the corresponding 'weights' for the failed plates. The plate-specific 'weight' reflects the probability of a correct response. If a large percentage of subjects within a group make errors on a given plate, the probability of a correct response is small and the plate has a lower 'weight'. Conversely, if a plate is read incorrectly by only a small percentage of subjects within a group, the probability of a correct response is large and hence the plate is given a large 'weight' simply because only the most severe subjects will fail this plate.
Statistical analysis
We define the Severity Index (SI) based on the errors the subject makes as: ∑ 100 corresponds to the maximum number of errors (i.e., 24) and indicates complete absence of RG color vision. Since the weight is proportional to the probability of a correct response, this can be written as:
Where, PE i , represents the measured probability of an incorrect response for plate, i, within each subject group, and 
Results
The probability of a subject making k or less errors on the IT plates is shown in Fig. 5 for normal trichromats and for subjects with deutan and 10% of deutan and 1% of protan subjects also make four or less errors. Fig.   5 shows that the probability of making k or less errors is much greater for deutan than for protan subjects. If the number of IT plates failed is a valid indicator of the severity of color vision loss then the results of Fig. 5 demonstrate that for the same number of errors made, the severity of color vision loss is much greater in protan than deutan subjects. For example, 29% of deutan subjects make 12 or less errors compared with only 8% of protan subjects. Similarly, 70% of deutan subjects make 20 errors or less compared with only 39% of protan subjects. The majority of protan subjects make at least 21 errors. Note that no subject made errors on the introductory plate, hence the maximum number of possible errors is 24.
[ Fig. 5 here] Figure 6 shows the percentage of plate-specific errors made within each subject group ranked in sequence. Data are shown for normal trichromats (bottom) and for subjects with deutan (top) and protan deficiencies (middle).
In the case of deutans, for example, 92% make errors when presented with plate 12, but only 29% fail to read correctly the number on plate 21. This makes plate 21 easier to pass and is therefore less challenging to a deutan subject than plate 12. Consequently, the subjects that fail plate 21 are likely to have more severe loss of RG color vision. In general, a larger number of protan subjects produce errors on every plate when compared to deutans. In particular, plates 21, 5 and 18 are read correctly by over 60% of deutan subjects, whilst plate 21 is the least challenging for protan subjects with 49% correct responses. The first four 'transformation' plates (plates 2-5) and the 'hidden digit' design plates (plates 18 to 21) produce the largest differences in error rates between deutan and protan subjects. Plates 12 and 17 (i.e., vanishing plate designs) present almost the same level of difficulty for both deutan and protan subjects. Interestingly, plates 12 and 17 are also the two most difficult plates for normal trichromats with 11% and 6% error rates, respectively. Within the deutan group, the easiest plate corresponds to an error rate of 29% whilst the most difficult plate to 92%. The equivalent variation is from 52% to 98% for protan subjects and 0% to 11% for normal trichromats. Although the level of difficulty per plate shows less variation within the protan group, the difference in ranking order shown in Fig. 6 suggests that some benefit could be secured by 'weighting' each error made by the plate-specific probability of a correct response within each subject group.
[ Fig. 6 here] Table II analyses in greater detail the errors normal trichromats make on the IT plates by summarizing the type and frequency of errors normals made in this study. The numbers shown in brackets represent the number of times that error response was observed within the group. For example, number 3 displayed on plate number 7 is reported as number '8' by five normal trichromats from a total of 236 subjects. Note that five normal subjects read number '2' on plate 19 which is also a response typical in subjects with color deficiency (shown in bold font).
[ Table II here] Figure 7a plots the RG threshold measured on the CAD test against the number of errors the subject makes on the IT plates. The results reveal the extremely poor correlation between the measured RG color detection thresholds and the number of errors the subjects make on the IT plates within each subject group. Although, in general, subjects with high RG thresholds tend to make more errors, this is not always the case. Within a small range of RG thresholds, both protan and deutan subjects exhibit large differences in IT error rates (Fig. 7a) . Both protan and deutan subjects with more than 15 errors on the IT plates exhibit RG thresholds that vary from 3 to 24 SN CAD units.
[ Fig. 7 here] Figure 8 shows the computed plate specific weight (W i ) for each group of color vision subjects. The introductory plate which is read correctly by all subjects has not been included in the computation of SI to ensure that the full range of SI corresponds to a maximum of 24 possible errors. As expected, all plates carry very similar weight for normal trichromats with considerable variation within the two groups of color deficients. The two plates that carry most weight for both deutan and protan subjects are 5 and 21. Interestingly, although significant differences remain, the distribution of weights amongst deutan and protan subjects is very similar. The weights shown in Fig. 8 were used to compute the corresponding SI value for each of 746 subjects investigated and this is plotted in Fig. 7b against the subject's RG threshold.
The results are similar to those shown in Fig. 7a and suggest that the large variability in error rates amongst subjects with similar RG thresholds hides any potential benefit the SI index may offer. In order to examine how the mean errors subjects with similar RG thresholds make on the IT plates, the subjects were grouped according to their RG thresholds into bins of width 2.5 CAD SN units. The mean number of errors and the corresponding standard deviations subjects make were then computed within each bin. The procedure was then repeated for the SI values and the results are shown in Fig. 9(a,b) .
[ Fig. 8 and 9 here]
Discussion
The need to quantify the severity of color vision loss in a simple and effective way has recently become more important, both within occupational environments such as aviation, as well as for clinical applications. An easy solution is to use the number of errors subjects make on color screening tests that employ pseudoisochromatic plates as a measure of severity, but the validity of this approach has not been validated within aviation. The majority of color screening tests are intended to discover congenital color deficiency, but the parameters that emerge from such tests are also used to indicate the severity of color vision loss. The same subjects when tested on different conventional color screening tests can produce quite different results. On some tests the subject can be classified as severe, whilst other tests may only indicate mild loss of chromatic sensitivity. Such inconsistent findings make it difficult to quantify the subject's severity of color vision loss (21) . The midpoint and the size of the matching range in anomaloscope matches, for example, are often used to screen for levels of deficiency, even when these parameters do not correlate well with the subject's loss of chromatic sensitivity (4, 23) . Previous studies also failed to show significant correlation between the number of errors subjects make on IT plates and the parameters of Nagel anomaloscope matches for both color vision deficient (6) and also for normal trichromats (15) . In addition, there are other reasons why quantitative, repeatable assessment of color vision has become more important in recent years: the demand from the general public that the methods for occupational testing (of any kind) are transparent; and the requirement that decisions are scientifically based and justifiable by reasons other than "eminent opinion". Also, information concerning occupational testing is more widely available to the public and applicants are more aware of the drawbacks of different tests and of their rights to challenge an adverse decision. A defendable, objective test that can be used to quantify the severity of color vision loss is therefore highly desirable. In addition, one needs to establish pass/fail limits which ensure that applicants with color deficiency that pass within aviation or other occupational environments can carry out visually-demanding, color-related tasks with the same accuracy as normal trichromats.
In this paper we also present data and analysis of RG and YB color detection thresholds measured under conditions which isolate the use of color signals. The thresholds exhibit an almost linear relationship with the corresponding cone contrasts generated by the colored stimuli, even for CDs that are 10 times larger than the median threshold values for normal trichromats. Departures from linearity are observed for much larger threshold values and these become particularly significant for S-cone activation and less so for L-and M-cones (Fig. 3) . The measure of CD employed to quantify the subject's color thresholds correlates well with the luminance contrast of a similar achromatic stimulus that matches the perceived contrast of the colored stimulus (Fig. 4) . These observations suggest that RG and YB color detection thresholds when measured in the CIE 1931-(x,y) chromaticity chart can be used to describe appropriately the severity of color vision loss.
The main thrust of this investigation was to examine the extent to which the use of the number of errors subjects make on the IT plates as a measure of the severity of RG loss can be improved by producing appropriate weights that describe the probability of a correct response for each plate. Fig. 5 shows the probability of making, k, or less errors on the IT plates when the maximum possible number of errors is 24. These data show clearly that one cannot treat deutan and protan subjects that make the same number of errors as equivalent in terms of their loss of chromatic sensitivity. No such distinction is currently made within aviation. The results also show that only 80.9% of normal trichromats pass with zero errors and that four or less errors must be allowed for to ensure that no normal trichromat is disadvantaged.
Even if only three or less errors are allowed, 10% of deutan and 1% of protan subjects also pass. The distribution of errors subjects make are plate-specific (see Fig. 7 ) and this leads to different weights being produced for each plate within each subject group (Fig. 8) . The current practice of allowing varying numbers of errors as a pass depending on the color-related visual demands within a given occupation does not take into account either the class of deficiency involved or the difficulty of the plates failed.
The number of errors subjects make on the IT plates relates non-linearly to the corresponding RG thresholds for both deutan and protan subjects. The large variability observed in error rates, even for subjects with very similar RG thresholds reduces the usefulness of this parameter as an indicator of the severity of color vision loss. Fig. 8 shows clearly that the probability of a correct response varies significantly across the 24 plates and that the observed variation is different for each of the three groups. The computed SI takes into account the probability of a correct response when the subject misreads the number on a given plate and therefore it is reasonable to expect that the SI value would be more appropriate to describe the severity of color vision loss. Although the SI value may well provide some improvement (Fig. 7b) , this is difficult to assess since the inter-subject variability remains high. By examining average IT errors made by subjects with similar RG thresholds (Fig. 9) 3. The computation of a severity index that takes into account the platespecific probability of a correct response within each group has only marginal benefit because of the large variability in SI values measured in subjects with similar threshold chromatic sensitivity. Although on average subjects with large RG thresholds will have higher SI values, neither the number of errors made on IT plates nor the SI value computed from these errors is a guaranteed indicator of the subject's loss of chromatic sensitivity. each plate is the probability of making no errors scaled appropriately so to ensure that the sum of the weights for the 24 plates employed is 100. Plates with small weights are more difficult to read correctly than plates with large weights. If a subject makes an error on a plate with a large weight (i.e., a plate that most subjects can read correctly), this error indicates a greater loss of chromatic sensitivity. 
